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ABSTRACT

Physical parameters and analytical performance are determined for an
analytical ICP operated at 148 MHz, a frequency nearly three times higher
than any opreviously reported. The iron(I) excitation temperatures are
approximately 1.3 times lower and the electron densities are S5 times lower
than at 27 MH:z. The consequences of these changes are lower analyte and
background continuum emission intensities, such that the signal to
background ratios are decreased at the higher frequency. Freedom from
interferences and working curve linearity are unaffected while ease of
sample introduction is improved. A shift towards atomic emission indicates
a deviation farther from LTE at 148 MHz. These effects are attributed to

the decrease 1n skin depth with increasing frequency.
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\ ¢ 1. INTRODUCTION

»o

\:_“.

!;ﬂ Much progress has been made in the field of ICP-RES in the two decades
-, since REED's first reports I[1,2]. Plasmas have been operated at a wide
1SN

—::f range of frequencies since his work at 4 MHz, with most systems today
o

L - . ~— .
S operating at a frequency of 7 MH:z, The recent trend towards higner
" frequency operation of [ICPs 1s due to a change 1n the energy deposiiicn
*;“f region with freguency. It is wuseful to think of the energy deposition

region in terms of the skin depth, which is defined as the distance required

for the induced field strength to fall off to l/e of its value at the

Qﬂzf surface, and 1is inversely proportional to the sgquare rocot of the discharge

frequency [31. All other factors being equal, increasing the generator

Q}j frequency moves the primary enefgy deposition region farther towards the
S?% outside of the plasma. One of the advantgges of a reduced skin depth 1is
ug} that the analyte, which 1is 1injected along the central charnel, 1s less
";gu likely to parturb the energy deposition process, and sample i1ntroduction is
E&i therefore easier at higher frequencies. The tradeoff is that the analyte
tgi consequently experiences a lower energy environment. CAPELLE et al. [4]
;ijj have investigated the influence of generator frequency at 5, 27, 40, 50 and
‘azg S8 MHz and found that analytical performance is improved at S8 MHz compared

to 27 MHz. GUNTER et al, [S] compared 9, 27 and 5@ MH: ICPs and observed
similar trends in excitation temperature and electron number density. This

manuscript characterizes the operation of an ICP at 148 MHz, nearly thrae
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times the highest freguency investigated in previous studies, affording an
extended view of the effect of generator frequency on the plasma.

The physical parameters of excitation temperature, electron number
density, and ion-to-atom line intensity ratios have been determined at
several power levels for the two frequencies of 27 MHz and 148 MHz. A
number of potential variables are keld constant by using the same optical
system and thermcmetr:c species at each freguency, allowing a meaningful
comparison of the two ICFs. In order to determine the zonseguences =f the
changes in the physical parameters, analytical performance has been
evaluated for several elements in terms of signal-to-background ratios,
detection limits, calibration curves, and affect of interferences. Ease of

organic sample introduction 1s also evaluated.

2. APPARATUS and TECHNIQUES

(All of section 2 may be printed in smaller type)

2.1. nstrument n

The 27 MHz RF generator, matching network, and standard size torch were
identical to the ones previously described (6,7]. While the 27 MHz
generator allows a gcontinuous adjustment of power level, the 148.28 MH:z
crystal-controlled RF generator, a Hughes (Fullerton, CA) model HC-380B UHF
Command Transmitter, provides a more limited cnoice of si1x swiich-selected
output power levels of 289, 1900, 559. 300, 1220, 1S0Q, anc 2200 watis. The

-
-

matching network was mod:®ieg S Jperate 3t 148 Mp: oy ~eplacing the I-1.
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turn load coil with a one-turn c¢coil, and the output pi-network vacuum
variable capacitor was replaced with a variable air-gap capacitor machined
from B mm thick copper plates 8@ mm in diameter, spaced by approximately
18 mm,

The same torch was used in both systems, and was mounted in a shielded
enclosure on two Velmex, Inc. (East Bloomfield, NY) dovetail slides driven
by Rapid-Syn ({ceanside, TA! stepper moicrs ccntrolled by a Dencc Reszearzh,
inc. {Tucson, AZ) 5SM-2A contiroller, This allocws computer-contrclled
positioning of the torch vertically and laterally with respect to the
optical axis. A 7S mm diameter x 120 mm focal length gquartz lens was used
to 1mage the plasma with l:1 magnification onto the entrance slit of a GCA-
McPherson (Acton, MA) EU-700 monochromator equipped with a Hamamatsu
{Middlesex, NJ) R212 photomultiplier tube. The electrometer, analog-to-
digital converter, and computer sys{em are similar to those described by
HEINE et al. [(71. All data were taken quer computer control utilizing
routines written in CONVERS [81].

The nebulizer is of cross—-flow design constructed in our laboratory,
with a sample uptake rate of 1.3 mL/min and an aerosol output of 1.1 L/min.
A variable vent is placed on the spray chamber to regulate the actual flow
to the plasma. A nebulizer gas flow of 0.7 L/min was used for both
frequencies. Coolant gas flow was approximately 12 L/min and no auxiliary

gas was needed.
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.2. Excitation Temperatures

Iron was chosen as the primary thermometric species for three reasons:
(1) many spectral lines are available 1in a small wavelength region, so
correction for the variation of instrumental response with wavelength 1s not
necessary, (2) the transition probabilities for iron are generally more
reliable, and (3) many previous studies of the ICP have used 1iron so direct
comparison of ~ssults 1s possible. Excitation tamperatures yers determined
by the slcpe method [9,12] with a3 linear-least-squares fit, in whic

ln(guﬁullIh) is plotted versus excitation energy of the spectral lines, and

the slope is equal to 1/kT. For a transition from upper level u to lower

level 1, I 1is spectral line intensity, A is the wavelength, g, and g, are

the statistical weights of each level, and ﬁu 1s the transition

1
probability for spontaneous emission. Transition probability data are often

reported as loglo(glflu). where flu is the oscillator strength and is

related to the transition probability by:

14 .2

Ag A (1)

g1 flu = 1,499 x 10 i

4
when Aul is 1n sec L and Ais in nm. Hence ln(glflu/I)J) can be plotted

instead of ln(guAul/I)) if log(g ) values are available. I, A, and glflu

f

1 1lu
-1

may be on relative scales, but 1f Eexc 18 expressed in cm and T 1n Kelvin,

the siope will be 1.4384/7. The relative standard deviation of the slope of
the line zcan be used *o calculate an estimated error, AT. The spectroscopic

corstants of the lines usead are shown :n Tabie |.
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Many of the earlier studies of excitation temperature in the ICP have

Y.

\ \ utilized +the transition probability data of CORLISS and BOIZMAN [11] or
ﬁ{i CORLISS and TECH (121, but a systematic error in this compilation generally
ff: leads to lower values of excitation temperature than the corrected data [13]

. More recant transition probabilities from BRIDGES and KORNBLITH [14] have

been judged to be more accurate and the data from BLACKWELL et al. [15-213

-7 to be most accurate in a critical compilaticn of 1ron tranmsition probapility
- data (221, Anotrier commonly used zet of transiticn probabilities is frem
REIF et al. [231. The least uncertainty AT is obtained using the critically

«;;: evaluated transition probabilities (22] with the data obtained in the

o present study. Slightly higher excitation temperatures but larger
'{}9» uncertainties are obtained using transition probability values from REIF et
:i;i ai. or BRIDBES and KORNBLITH, while larger uncertainties and markedly lower
. temperatures are obtained using the older values [(11]. This is 1n agreement

with another recent study of temperatures in the ICP using a Fourier

transform spectrometer by FAIRES et al. [24].

4lald
o, l"_',..’.

W Lateral profiles of the six wavelengths taken at several observation
,
"~
.
ﬁx g . . . . . .
" heights were Abel inverted [25] and the inverted intensities used to
v,
L calculate new excitation temperatures. The inverted tamperatures were
- within the same error bars in each case, so Abel inversion was deemed
{i unnecessary for injected elements viewed on axis, in agreement with an
- earlier study (10].
7.' . -
,?; Figure i shows a comparison of the results obtained from a
L representative data set of the Fe(i» lines analyzed with the various
- diffarent sets of transition proocabilities. The 2rrzr bars cn trhe plot
\ -
-
o
=
b
.
-z




correspond to the wuncertainties in the temperatures caiculated at each
cbservation height. These results are very comparable 1n magnitude to those

presented in the study by FAIRES et al. [24] when using the same transition

probabilit:ies.
As a check aon the iron excitation temperatures, six lines of titanium

ion emission were also used. Spectroscopic data for these lines are shown

-t
Q)

ransiticn probab:ilit:es are lass accurately f{ncun

iJ
]
-
P
+
(8]
W
[

titanium, so  there 15 more uncertainty 1n  tnese results. A
comp:lation [26] i1ndicated better transition probabilities from the work of
ROBERTS et al. 1(27,28] but a much better fit is obtained with the data of
WARNER [29]. This again is in agreem.nt with an earlier study [101].

A similar excitation temperature is obtained with the titamium ion as
with the 1ron atom emission, as can be seen in Fig. 2 for two different
power levels. The higher titanium temperatures at the lower observation
heights may be due to the much louwer emission there coupled with the much
higher sloping spectral background, giving anomalous peak heights i1n the

data collection routine.

2.3. Electro nsit
Electron densities can be determined on an absolute scale by measuring

the Stark broadening of a suitable spectral line [39-32]. Hydrogen HF at

486.13 nm 1s sufficiently broadened i1n the ICP to allow measur=sment of the
" .ine profi:le with a medium resciution spectrometer. Water was aspirated
tnte tre plasma  for these measurements, but hydrogen was not adceg to tne

oiasma as 1= oaoften Zone Secause 1t racically alterec tne snape 37 the
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A siit width of
148 MHz to comp
giving 1nstrumen

Dopgpler broadenin

tampearatyre, and

Sd00 = was assume

from

ARI/Z' which s r
S
where A%l/Z 15 1
can be obtain
{31-331]. Since
density, an 1ite
With the data
magnitude change

percent ccmpared

widths, so the
Jjustified. The
density 13 zuant:

at low concentraticns,

2S microns was used at 27 MHz, while 35

ensate for the weaker

tal half-widtks of 90.85 and 9.27 nm,

g contribution

A)9,_ = 7.17 <« 10 ° A

.

Yawd
(T/m)l(h

a haif-widtrn of 0.825 nm calculated

d for all measurements.

and did not enhance

frecm a

{301, The half-w:idih parametar a}/ﬂ

the H emission.

miCrons was used at

emission at the higher frequency,

respectively. The

can be calculated from the relationship:

m
J
W
.
]
‘

temperature of

These half-widihs when deconvolved

the experimentally observed half-widith thnen give trhe Stark half-wiath,

-

line orofiie

on temperature and electran

the error caused by an orcer of

elated to the electron density, ne, by:
S - -1@ 2/32
= Jd. (o4
2NV e x 10 172 e
-3
n nm and ne 1S 1n ¢cm
ed from tabulatiaons of the theoret:ica:
n
51/2 15 somewhat dependent
rative technique has most often been employed (19,34,351.
from the present study,
1in assumed electron density

to 1@ percent from the uncertainty in

use of a single reiationshi- as

reiationship between coservegd

fraed as:

setarmining

clotted 2v

na:f-wiain

or ‘temperature was only 4

the half-
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logloﬁne)

1.431

S . .
when AA1/7 13 expressed 1n nm, The overall uncertainty 1in ng 1S estimatec

- to be less than 20 percent. Based on the results of the excitation
h temperature study, Abel inversions were not deemed necessary.
S
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2ackgroung

compromise conditions of

analog-to-digital converters

the

were used to obtain the S/B ratios because of

27 MHz and 120@ W at 148 MHz. Tuwo

One ADC digitized the total anaiyte-plus-

wide dynamic range involved.

background

set to ten times the
sigrna. at a nearby wavelength
- intensity as at the analyte line.

the range of observation heights.

signal above a zero set with the light beam blocked.
sensitivity of the first,

previously

The other,

digitized the background

determined to have the same

This procedure was than repeated for

may be used to describe the eguilibrium

the successive ionization stages of an analyte or the argon support

2.5. Theoretical LTE Temperatures

The Saha-Eggert relationship
between
gas. Assuming Local Thermal Equilibrium, a unigue N
each temperature after the manner of BLADES [361].
formulas to obtain the corresponding Tn

e

Sut 2 tmirc-craoer polynomial was “ound

- from a measursd n_ .3 d1ff;
LTE 2

from

may be calculated

Reversing the thecret:cal

- - '«.' - - . . ) - ~ o . b < :
PR DR R A A OO L i VLSRR B T . l



&K 11
2

AN -3

L. the range of T = 6590 to 10,000 K and ne =1 x 1013 to 1| « 1015 em.” This
e

N

L relationship 1s:

X 2 3

TN T = 5475 + 1026(X) - §4.32(X") + 58.12(Xx™ (5)
br . n ,LTE

[L" e

-

ySh where X = loglo(ne) - 13 in order to reduce round-off errors. This formula

was useful in determining theoretical equilibrium temperatures hased on

experimental eleciron density measuresments.

i 3. RESULTS and DISCUSSION

> 3.1. Physical Parameters of the Discharge
:{ 3.1.1. xcitation Temperatures. Figures 3 and 4 present iron

excitation temperatures determined at the several power levels as a function

of observation height in the plasma, using the critically evaluated

_ﬁ transition probabilities. When the different transition probabil:ty data
w} sets and power levels are taken into account, a real comparison can be made
ﬂ; between this study and those of other researchers who have investigated the
-i vertical spatial profile of the excitation temperature at 27 MHz. FURUTA
1{ and HORLICK [37)] made observations at a single fairly high power level of
Ef 1800 W, which would be expected to give high temperatures, but used CORLISS
Eb and BOZIMAN's (11] transition probabilities, which then bring the raporteg
C_ temperatures down. KAWAGUCHI et al. (38] made observations at three
;_ different power levels and usea transition probatilities from REIF =2t ai.
ii; {231, whnich as sxpected give slightly higner temparaturss than cbtained :.n
;; this siudy. S8oth of these groups observed a similar dip 1n excitaticn
b

R R S S T R R




12

temperature at low observation heights, and this dip i1s seen to move lower
1in the plasma as power 1s increased 1n the present i1nvestigation as well.

While the 27 MHz plasma exhibits a strong power level dependence of the
excitation temperatures, the very high frequency plasma does not. This is
in accordance witl their visual appearance when a 1000 ppm solution of
yttrium 1s aspirated. With a nebulizer gas flow of 0.7 L/min, the blue
ionic emission region in the so-called “"Normal Anaiytical Zgne"
{29,401 Gtegins apsroximately 1S mm above the loag <coil at the lcwer
frequency, with increasing intensity observed with increasing power. The
VUHF discharge at 300 W does not develop this emission region, but remains a
red color throughout in the standard size torch. At higher powers, a azmall
blue patch develops about 15 mm above the load coil, bBut remains very faint
even at 1500 W.

That higher freguencies yield lower excitation temperatures in the ICP
has been previously demonstrated (4,51, so a lower temperature 1s not
unexpected for the 148 MHz plasma. The effects of different power levels
and specific observation heights were not addressed in their paper, so the
linear relationship between temperature and frequency shown by CAPELLE et
al. [4] may only be fortuitous. If that relationship is extended to
148 MHz, negative temperatures would have been expected, clearly an

unrealistic sitation. Since calcium emission lines were used for the

excitation temperatures 1i1n the other freguency study ([(S51, only the

similarity in trend can be noted there,
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3.1.2. Electron Densities. The calculated electron densities as a
function of power and observation height in the two plasmas are shown in
Figs. 5 and 6. Many researchers have reported electron densities only at a

single observation height and power level. For example, the value of

S x 1015 cm_3 at 1500 W and 1S mm observation height determined by UCHIDA et
al. [411 at 27 MHz 1is slightly higher than our value of 3.5 x 1015 cm-s
under similar conditions, wnile [.EB x i@l: cm-g from REZAAIYAAM and HIEFTJE

{351 1s slightly lower. ALDER et al. [42] showed electron densities over
the range i@ mm - 25 mm obsarvation height for one power of 1200 W which are
only slightly higher than the observed curve for 1250 W at 27 MHz. Axial
values extracted from the spatial data of CAUGLIN and BLADES [43] are also
similar. Although these spatial data indicate higher electron densities
outside of the central channel at low observation heights, the lack of Abel
inversion techniques should not affect the validity of the lateral

measurements, especially for heights greater than 8 mm, because the electron

densities in the present study were derived fraom Hﬁ emission from injected

water, which is mainly confined to the anlayte channel.

Figures S and 6 show a fairly smooth drop in electron density with

observation height and a direct dependence on power level for both ICPs.

The 148 MHz discharge exhibits about Hhalf an order of magnitude lower

L 20 an 2t ot o od
v
[y .

electron density overall, and in contrast to the excitation temperature, a

q

direct power level dependence is observed. The lower electron density 1s

TN s

expected from other workers' results at higher freguenc:es [19,44]) but again

.
Er

.

1f the linear trend shown by CAFPELLE =2t al. [4] 15 continued tne aragictea
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:;{ electron density at 148 MHz would be seven orders of magnitude lower than 1is

Lo

{ actually observed.

~L 3.1.3. Ion _to Atom Line Ratigs., It has been stated that a relative
idea of electron density can be easily obtained from the ratio of 1onic to

oN atomic emission from a suitable element (41, Magnesium is often used

f;‘ hecause of the proximity of the MgiI) lime at 235.2! am and ifwec Mg{Il! lines

R
at 272.55 and 288.27 nm. When LTE :s assumed, 7 = 7 = 7 ._ and %“he

S exc 1on L

_"“.

?} Saha and Boltzmann eguations can be combined to yield the following

':F relationship between electron density and ion/atom emission ratios: ‘

= |

22w 2 m k022 gt £ -E_+E

J- I _ e 3/2 1on exc exc

= = 3 TLre ©xP kT ‘67

1° ng b g°A° /e LTE

- L -3

.- where n, = electron density (in m "),

)

o _ =31

e me = alectron mass (S9.11 x 10 kg),

&

M -23 -1

N k = Boltzmann's constant (1.381 x 10 J/K or 0.6947 cm “/K),

- . ~34

L h = Planck's constant (6.626 x 10 J=s),

}; I°,I+ = smission w1ntensity of neutral and 1onized spec:ies,

. g°,gt = statistical weight of the emitting level in the atom anc 1on,

i A% A% = transition probabiiity,

= D

- Y, N = wavelength of emissicn,

o
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ion ionization energy
9
ET , = gxcitation energy of the emitting level
exc’ exc

in the atom and 10n,

TLTE = tamperature. ‘

The emission intensity ratio 1s dependent not only on electron density, but

3i50 cn *the tempsrature. Since the =sxcitatlon temperature has teen shown

4

~1,

vary dramatically with gower and abservation he:ght, 2 simple mea

n

urement o
the Mg(II)/Mg({) ratio will not strictly follow the electron density, as can
be seen 1n Figs. 7 and 8, which show the observed Mg ratios for the twc
frequencies. Electron density values calculated from observed ion/atom
intensity ratios and excitation temperatures are often orders of magnitude

lower than ne values obtained from Stark broadening measurements [341,

Indeed, experimental 1on/atom emission i1ntensity ratios have been proposed
as a measure of the deviation from LTE (43].

The values reported for the ratio of Mg(II)/Mg(l) emission at single

observation heighis and power levels by KALNICKY et al. (34] and CAPELLE
& et al. (4] are about twice the observed value of this ratio under sim:ilar
conditions, but the vertical spatial behavior shown by FURUTA and HORLICK

(371 agrees well with thesa observations. The vertical spatial profile

)

deduced from data presented by CAUGHLIN and BLADES (431 :s also similar in

shape to that obtained in the present study. The differences may be due to

.. the lack of Abel i1nversion of the i1on and atom i1ntensities here.

-~ . )

o A dramatic effect of observation height 1s seen at I7 MHz, roughi,
o

L -

zor~esponding t*o the different zones cof tne plasma observed with ,tirium
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1ntroduced: lower in the plasma principally atomic emission 1s observed,
while the 10nic emission is maximized 1n the Normal Analytical Zone and then
falls off with increasing height. In the 148 MHz plasma, the blue ionic
emission 1s much less 1intense, and the Mg(IIl)/Mg(Il) ratios are lower as
well. In addition, the influence of power lavel is less pronounced. These
effects are consistent with the changes 1n excitation temperature and

2laciron dens:ty seen apove.

3.2. Analytical Performance

3.2.1. Signal to Backaround Ratjos. Generally, the signal to

background ratio was found to be strongly dependent on observation height.
Typical behavior 15 shown in Fig. 9 for copper(I) at 324.75 nm. Low 1n the
plasma, the GS/B ratio was low, and increased to a maximum about 3@-33 mm
above the load coil. Applying the method of WINGE et al. {451, one might
conclude that this observation height would provide the best detection
limit. The best actual detection limits however are not sirictly a function
of the GS/B ratio [3,461. At this height, the background was indeed very
low, but so was the net signal, and with a limited amount of gain available
in the electrometer, the louwest detection limits were not obtained. The
maximum net signal for most elements was found to be 17-20 mm above the load
coi1l for both freguencies. In this spatial region, the actual datection

limits were reasonably close to those approximated from the S/5 ratios.

Results for the observation heights at which the detection limits were

obtained are summarized and compared i1n Table 7. The signal t{o bacrground

ratio decreases with 1ncreasing frequency 1i1n all cases except Cavl} at

g
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422.67 mm, Because the background intensity decreases similarly for ail the
transitions, the 3/B ratio changes primarily in response to the decreasing
net signal intensity, with ion lines more sensitive to the freguency change

than the atom lines.

3.2.2. ection imits. A compromise observation height of 19.5 mm
above the load coil based on the signal to background ratic measurements was
used for all eiements except calcium. The mas«<imum net signal for zaicium
was found to be 13 mm above the load <coil for both freguencies and,
interestingly, for bothk the atom and ion emission lines.

The detection limit was based on the concentration of analyte that gave
an average signal equal to twice the peak-to-peak noise of the baseline
actually evaluated at that concentration. A time constant of @.1 sec was
used. The results at' 27 MHz are generally 5-12 times higner than those
tabulated by WINGE et al. [45], but are npt unreasonable considering the
differences in instrumentation,

Since identical procedures and instrumentation were wused at both
frequencies, a valid comparison can be made between these two plasmas.
Results are summarized in Table 4. In all cases except the Fe(I) and Cal(l)
lines, the detection 1limit at 148 MHz is higher than that at 27 MHz. The
trend 1in general follows the trend 1n signal to background ratios: the 1on
emission lines decrease more than the atom lines, so the atom line detection
limits are closer to the 27 MH:z values than those determined from the 1icn

-

lines, This 1s 1n contrast to the results found previousiy {41, 1n which

()}

/B ratlos ana detection ilimits 1improve with freguency up to S8 MHZ.

" - e . LR ISR S L e e e AU . PR Y
R A . IS

S T N R P LA L T T S S o
PN RN P ) hr A A we nin . anle na i ml ittt W



[T
e et
s

o
Jo.

R -

s
Ay S

A AAKN

5

Apparently, analytical performance 1mproves at twice the conventional

frequency, but does not continue the trend with a six—-fold i1ncrease.

3.2.3. Calibratjon Curves. Calibration curves are linear and extend
over four or more orders of magnitude for both frequencies, as can be seen

from the representative curves shown in Fig. 18. Calcium was the only

U]
—
1]
3
®
o}
o+
i 7
O
(=
3
a
«t

o fall off significantiy at 1900 spm at 27 MHz, out was founo

tc pe linear to 19920 ppm at 148 MHz., All other curves were fcung o b

m

strictly linear at both frequencies, with similar dynamic ranges.

3.2.4. Interferences. The vaporization interference of phosphate on a

3 A,g/mL solution of calcium was investigated at both fregquencies, and was
not found to be of significant magnitude up to molar ratios of 700:1

POi_:Ca. At a ratio of 1300:1, a 5 percent depression of the atomic

emission occurs for both frequencies, as shown in Fig. ll. The ionic
emission 1is essentially unaffected at 27 MHz, while at i48 MHz a slightly
greater depression 15 seen. The six-fold increase in frequency does not

reduce the ICP's insensitivity to this interference.

3.2.5. Qrganics. In order to determine the relative ease of sample

introcduction, many common organic solvents were aspirated i1nto the tue

plasmas, including acetone, henzene, hexane, methanol, and xylene. "Organic
1iren®  solutions were prepared from ferrocene dissolved :n benzene anc
«;iene. In order to ocperate the 7 MHz ICP u1ith the organic scivents,
drastic retuning (3zeveral turns of eacn vari:able capac:itor i1n the matcning
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network) and a minimum power level of 1500 W was necessary. Less drastic
retuning was also necessary for different classes of compounds. Even under
these conditions, it was difficult to keep the plasma lit. At 148 MHz, only
the more volatile species required a slight retuning (1/8 turn of one of the
capacitors) and power levels as low as 650 W operated satisfactorily.

The difference in the appearance of the two plasmas was striking when
benzene was aspirated. At 27 MHz., tnhne usual "green tongue” was szen 1n =
gererally green plasma, with a siight amount of vyelicw 2mission from
incomplete combustion accompanied by some soot formation. At 148 MHz, the
yellow emission was more intense, giving an extremely bright plasma and
larger Qquantities of scot. All other sclvents in both plasmas were simply
qreen. Because of this high background emission, the most sensitive scales
of the electrometer could not be used at the higher freguency with benzene
as the solvent, and xylene was used instead.

At 27 MHz and 1500 W, the Fe(I) line at 371.99 nm gave !6 times more
signal than the 1on line at 259.94 nm, in contrast to the behavior with
agqueous solutions. The atom line at 148 MHz and 1200 W provided the same
3:1ze signal as at 27 MHz, with approximately equal noise on the same
electrometer setting. Sensitivity is therefore about equal for the two
frequencies with organic solvents, but the high frequency plasma's i1mproved

tolerance for organic solvents at lower powers i1s a distinct advantage.

3.3 Approach to LTE
I+ has recently been suggested that the elecitrcn cens:ty, ceing a

single~valued parameter amenable to determination without aiready assuming
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Local Thermal Egquilibrium, 1s most appropriate to characterize a discharge
in LTE, rather than an exc:itation temperature, which may be dependent an the
element involved and the excitation energies of +the levels used
[42,43,481. This provides a basis for comparing the deviation from LTE 1in

an actual plasma. The observed ne data translate to the Tn LTE curves
e!

shown in Figs. 12 and 13. Trans:ition probabilities taken from SMITH and

LISZT £48! angd cther spectroscopic  cata used 1n th calcuiatien  af

[t

theoretical 1intensity ratios by Egn. (B! are listed 1n Table S. The
parameter br introduced by CAUGHLIN and BLADES is then simply obtained:
(I*/1°)
X

—_expt
b = . (7)
+ L
(I1%/1 )LTE

Values of br calculated from these data are shown i1n Figs. 14 and iG.
Since electron densities were found to fall smoothly with height, the br

values follow the spatial behavior of the Mg(II)/Mg(I) intensity ratios. 1In

all - cases, b is less than one, reflecting the use of T rather than
r ne,LTE

Texc in the LTE calculation. The values at 27 MHz are slightly less than

those shown by CAUGHLIN and BLADES, largely due to the differance 1n Mg
ratios. It is not clear at this time what range of variation may be
expacted from laboratory to laboratory due to differences 1n instrumentaticn
or techniques. Comparing the two frequencies in a single laboratory, :% can
be ssen ‘that the 148 MHz ICP deviates mucnh mere strongly from LTE than tre
27 MH: ICF. As observation height 13 :increased, the two pilasmas acprzach 3

simiiar state of non-LTE.
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.4. Discussion

The detection limits 1n the 148 MHz plasma are higher than those at
27 MHz primarily because the signal has fallen off faster than the
background. The increase in detection limits roughly corresponds to the
decrease in signal to background ratic. At all wavelengths observed, the
backgrnund was 5-12 times lower at 148 MHz. This is primariiy due to the 3-
foid drap 1in electron density from 27 MHz and 190@ & tc 143 MH:- and 1220W,
since tme background continuum emission 1s propert:ignal 1o the square c¢f ine
electron density (441,

The decrease in electron density does not scale directly with
frequency, which is understandable when the skin depth is considered. The
skin depth decreases by a factor of 2.4 over this freguency range 1f the
same power levels are maintained, and this directly affects the relationship
between the energy deposition region and the analyte channel. Comparing
equivalent power levels at each frequenqy, i.e. 1200 W and 1500 W, the
electron density 15 5§ times lower at 148 MHz, which is twice the charnge in
skin depth, It is difficult to apply this hypothesis to studies by other
researchers at intermediate frequencies because of the differant
experimental conditions emplovyed. GUNTER et al. (S]] did not directly
determine the electron densities, and CAPELLE et al. (4] only show measured
electron densities for S, 27 and 40 MHz. Since the 5 MH: ICP was operated

at five times the power of the other two, direct comparison cannot te mage.

From 27 to 40 MHz, +the skin depth 1s expected to decrease 2y 3 factor :°

-
r

wnile their observed ", drops by 1.7. QOi1fferences .r zaggc.ied 2Zuec 17
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'ig this result does not compare directly with the present study. Scaling with
“ skin depth rather than directly with freguency better explains the observed
:f: magnitude of the dacrease in electron density with freguency.

The reason behind the decrease in emission intensity 1s not so clear.
- The excitation temperature drops by a factor of 1.5 over this frequency
range. Neither the excitation temperature nor the decrease i1n analyte
emission  seem to be simply correlateg with the change 10 zwin zZ2gtm. The
relat.va loss of nev stgral intensity might e ~sughl, ~elateg 2 tra
excitation energy of +the emitting levels of the atom lines, but this
correlation does not hold for the ion lines, even when the 10onization
potential is taken into account. FURUTA and HORLICK [37] have proposed that
j-; neutral atom excitation 1s a result of electron collisions, whiie -ollisions
- with excited argon species are responsible for tne ganeration and excitation

of i1onic species. The lower &electron densities would lead to the lcwer

em1ssi1on 1intensities under this scenario, and the different behavior of the

o 1cn li1nes could be raticonalized.
A Yalues of br less than one are said to be 1ndicative of an 1onizing
:: non-equilibrium plasma undergoing rapid heating, characterized by a relative
over-population of ground state levels compared to LTE [44]. The shift
- farther from LTJE 1s evidenced by the shift of the Mg ion/atom 1ntensity
. ratio towards atom emission with increased frequency. The same penavicr 1is
-“-;:
seen for the other slaments for which both atomic and 1on:c emiss:ion data
o wers sptained- at C7 MH:z the Fei(Il) line 1s approximately si< %“i1mes the
(1tensi1ty of the Fe(l jine, wniie 1%t 1S only abcut half as intense a*
13 Ml Similarly, a4t 7 MHz  ‘re calcium 1zn iline 1s 19@ :imes more
o t."
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intense than the atom line, but at 148 MHz they are of approximately equai
intensity, Two effects have combired hnere 1io cause this: the drop 1n
electron density serves to shift i1onization equilibra away from the ion, and
the greater relative over—-population of the ground state causes the atom

lines to decrease less relative to the 1on lines as frequency increases.

4, ZCONCLUSICHN

These 1nvestigations of an analytical ICP at a frequency nearly three

times higher than any previously reported demonstrate the effects of the

!,f reduced skin depth at higher generator frequencies. This produces a less
%};} energet.c environment characterized by lower excitation temperatures and
-5 } electrocn densities, resulting 1n both lower background and analyte emission
h from the UHF plasma. The background intensity 1s proporticnal to the square
- of the electron density, which scales with the skin depth rather than

directly with the freguency. Trhe analyte emission 1s a3 more comglex
function which falls off faster than the background over this extended
frequency range. The observed shift away from ionic emission is indicative
of a shift farther from LTE as skin depth is reduced. The ICP's immunity to

interelement 1nterfarences 1s not lost at 148 MHz and ease of sample

introduction, especially of organic species, 1s 1mproved.
Yy
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Table 1. Iron(I) Line Data for Excitation Temperature Calculations

A (m)  E_ (eam))  Tog(gf)®  log(gf)® Tog(gf)®  Tog(gf)d

exc
371.994 26875 -.430 -.43 -.17 -.28
372.762 34547 -.631 -.52 -.40 -.24
373.487 33695 .317 .31 .57 .62
373.713 27167 -.574 -.57 -.31 -.49
374.949 34040 .161 A7 .41 .43
381.584 38175 .30 .25 .42 .56

dRef. [22]
Ref. [14]

CRef. [23]
Ref. [11]

.....

. !
SN T . DT P P S DS SO SR i




28

Table 2. Titanium(II) Line Data for

Excitation Temperature Calculations

A(nm) E (cm—l) log(gf)a

321.706 31301 -.45

22.284 31114 -.40

Of G O
r (28] r
w rJ
b o
[4}] —
rJa 9
ol [§Y]
Land 2
O o
(o) 4]
— w
t
rJ L
m J

O
L\
S

.860 49738 .58

ol
rJ
wn

.291 30958 -.49

Ref. [29]
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Table 3. Comparison of Signal to Background Ratios
-1 -1
Elament Alnm) (cm ‘ (cm
exc ion
€a I 422.87 23652
Ca II 393.37 25414 49285
Cu I Z24.78 Z078C
Fe I 371.99 26875
Fe II 2539.94 38459 83424
Mg I 285.21 35051
Mg II 279.55 386871 61649
N I 341.48 29481
VII 709.31 35843 439935 .

Ratic 27 MHz/148 MKWz

Bkgd S-8 S/B
11 ] 2.5
12 734 48
- 15 -
10 31 3
7 819 42
S 105 16
5 333 43
=) 32 4
g 131 11
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Table 4.

Detection Limits (wg/mbL)

a Ratio
Element AN (nm) Reference 27 MHz 148 MHz 148727
Ca l 422 .87 Q.01 2.1 0.1 1
Ca II 383.37 0.0002 0.00! 0.1 100
Cu I 324.75 2.005 .05 2.5 19
Fe I 371.99 0.07° 2.5 2.5 1
Fe II 259.94 9.006 0.25 2 49
Mg I 285.21 0.002 0.22 0.5 25
Mg II 279.55 0.0002 0.205 0.3 60
N1 I 341.48 .05 1 2. 3
v Il 309.31 0.00S 0.03 0.5 17
Ref. [45], except Fe I.
Ref. (471
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Table 5. Magnesium Line Data

Species x (nm) E (cm'1) g A (s'T)a E. (cm'])

exc ion
Mg 1 280.27 35671 2 2.7 x 108 61649
Mg I 285.21 35051 3 5.26 x 10°

qRef. [49]
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FIGURE CAPTIONS

Fig. 1. Iron(l) excitation temperatures determined using several different

transition probability data sets at 27 MHz and 1000 W. Transition

probabilities from: . FUHR et al. [22], QO BRIDGES and KORNBLITH [14],
A REIF et al. (23], [] CORLISS and BOZMAN [11].

Fig. 2. Titanium(Il) and iron(l) excitation temperatures determined at
27 Miz. [ titanium at 1000 W, QO iron at 1000 W, A titanium at 1250 W,
(] iron at 1250 W.

Fig. 3. Iron(l) excitation temperatures at 27 MHz. - 800 W, (O 1000 W,
A 1250 w, [] 1500 w.

Fig. 4. Iron(I) excitation temperatures at 148 MHz. () 900 W, A 1200 W,

[ 1500 w.

Fige S« Electron densities determined from Stark broadening at 27 MHz.

B soow, O 1000w, A 1250 W, [] 1500 W.

Fig. 6. Electron densities determined from Stark broadening at 148 MHz.

O 900 W, A 1200 ¥, [] 1500 W.
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Fig. 7. Magnesium ion (279.55 nm) to atom (285.21 nm) emission intensity

ratios determined at 27 MHz. [JJJ 800 w, (O 1000 w, A 1250 w, [] 1500 w.

Fig. 8. Magnesium ion (279.55 nm) to atom (285.21 nm) emission intensity

ratios determined at 148 MHz. () 900 W, A 1200 W, [] 1500 W.

Fig. 9. Copper(l) signal to background ratios and relative signal
intensities determined at 324.75 nm under compromise operating conditions.

QO 27 MHz and 1000 W, B 148 MHz and 1200 W.

Fig. 10. Analytical calibration curves for D Fe(Il) (259.94 nm) and
Q Cu(1) (324.75 nm) at 27 MHz and 1000 W, [} Fe(1) (371.99 mm) and
A Cu(l) (324.75 nm) at 148 MHz and 1200 W.

Fig. 11. Effect of phosphate on calcium ion and atom emission intensity

from a 3 ug/mL solution. () 27 MHz and 1000 W, [_] 148 MHz and 1200 W.
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Fig. 12. LTE temperatures determined from electron densities at 27 MHz.

B soow, O 1000 W, A 1250w, [] 1500 w.

Fig. 13. LTE temperatures determined from electron densities at 148 MHz.

€© 900 W, 4 1200 W, [] 1500 W.

Fig. 14. Values of br = (I+/I°) (I+/I°)LTE calculated for 27 MHz.

expt /
B soo w, O 1000 W, A 1250 W, [] 1500 W.

. + -0 +o.
Fig. 15. Vvalues of b_ = (I /I )expt / (1/1 )LTE calculated for 148 MHz.

O 900 W, A 1200 ¥, [] 1500 W.
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